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• v,., i ,„ i MM * were nreviouslv irlcnt iticd through their interaction with the 
Two cd.u.ar protons N M a.u I M 1-3 rc p ^ • , m , , R , SC |)r , )U>(ns wm . then shown ,«, 

inHuen/a virus mickopruHiii <M . D> "siiv uu e „„re-cl.ickini> proteins to facilitate the transport 
act as general transport factors (karyophenn « an 1 n clc. . r »cK . ^ ^ .^^ ^ 

of the NT and of viral RNA ,n«o he nucleu M he . ^' allillvsis jlR . lM <,i„ 8 alanine scanning 

specific domains on the NP that bind to t he _N I I I»< ti ■ is. - , and N1M .-, 

identified the motifs SxCTKRSYxxM and IKRSxxxM, h ar m '< * ;R , ivi , )llmvinf , 

respectively. These sequences were shown to posses ^ " ^ ' ^ (( ^ M ,„ K ,, mL ,Uional M.S motif, 

expression of fusion proteins in I eLa ceils hese equ u s . a m(IK . ( ,„ ti!Jumls sequences in the 
Another M S activity not mediated by me M l bind...!; ,.t,., ... 

Nl*. 



The intluen/a A virus has a segmented genome of eight 
ne-ative-strand RNAs which are packaged into virions as n- 
bonucleoproteins (RNI's). In addition to RNA. 
the viral nuclcoprotein (NP) and the three subun.ts o the 
RNA-dependent RNA polymerase. PHI. I'Kl and 1 A. When 
the influenza virus infects cells, it must ultimate y dehver its 
uenetie information to the nucleus, wheie viral RNA transcrip- 
lion and replication take place. In an attempt to learn more 
about intracellular host -virus inlci actions which are requited 
for virus replication and winch might aticei uru.cncc c.iaiac- 
tcst.cs vvc used the vcast two-hybnd svstem to search to, 
cellular proteins that interact with the viral Nl> (2<l. - I I«o 
NT-interacting proteins (NIM-I and N I'l • I vveic .dent.I.ed and 
shown to facilitate the nuclear import ol the viral M' and— -in 
conjunction with the Nl'-of viral RNA by using digitonm- 
permcabili/ed cells. Independent isolation and charaeler./a- 
,i„„ of NIM-I and NIM-? from mammalian cells and of ho- 
moUvs in Xaiopus and DrosopluUi (3. 4. 1(1. 1.x IN. -') 

\ , .. . .i „-,n,.m. ..,-neral transport factors 

revcaieu inai mese i«" i""^'"' » . •. . ■. , , 

bclomnni; to the karvophcrin u'import.n cO protein family and 
arc involved in the nuclear import of nuclear localization sn-nai 
(Nl SKonlainim: (mucins. In this study *e mapped tin: huuh 
in, silent MM - f karxoplicriii u I liSKP-1 (2\ IS, 20 0 and n 
MM-UarYnpherin «2kch-l (4. IS. 21) on the intkienza A 
virus Nl*. Mutat mn.il anaK sis ol the M* h\ the yeast two- hybrid 
astern and expression of NT mutants in mammalian ^ 
helped to define an uiuiMial motif in the N tciminus ot the oral 
NP which Ikis M.S actiu'A. 
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ul MM -3. (a) Interactions of M* deletion mutants and MM- 1 and MM -3 



Amino acids ! in 7^ of the influenza A \irus M* contain the binding site tor MM-l ; 

. SW .. M , v .s* mm IC,Y4,s couanslonncd with P bC2U2 (conlammg the ditterent I.evAAb kision genes), the reporter plasmid 
hwheNH-'l cI)V\,n n .l(i4o)o, pllHM U'ontamm, Hu- MM-3 cl)\ A in P .l( i4-5 ) I 2< 1 1. d he lengths o! the M' I ra^ment> arc unhealed 

, t . .,.„' . , - M . n ,, mi , v ^ the induction <>l [^aiactosidasc. A phis sign indicates that a strong 

m ammo acid positions n, tn. ^m-t^e ■ ;» ■ » / -\ . / //_; ■ .... -„ K , mn Th e sh . u led box indicates UNA binding domains 

^incuts are indicated as lollows: B. /fg/ll: P. h'oHl. H. 
I4, The Mack hox indicates a putat,e MS PI- — u,,,,, s_ _ . . ^ ^ ^ ^ ^ ^ 

al antiKuK I'm ^oiwnict I. di I 73) oi monoclonal atmhoa> lot 



e wild-type (>ei ) MV Binding aeliw'A was determined h\ e.cieetmg 
blue co'or de^c'loped within 12 h following streak nig on \-( .al-containmg plates: a mmm agn indie Uo no re 
Ihc black box indicates a putative M.S (S ). Restriction cn/unc sites used lor subeloning ot M ha 
[11, and X. A7:ol. lb) I .ocal i/ation o! M 1 dcehon mutants ,n lie! a cells, llcba cci.s were liar- 
. t naK/ed h\ indiieet immunoMuorcsccncc ^sa\ 24 h positi anslcclion. using ants NP poKclon 
l\pe M' and eons' a nets A and B. 



i.ne protocol ( i >f and pialed on giu-.w-i i cc ' ci- Y " :; i" ' 

hislidinc. uracil, and U\Ptophan In order lo av.av tor [t guhtClMsulasc .ictiviH 
Ihc hanshanied yeast cells were isolated 2 da\ s post 1 1 .mstoi m..i ion and stieakco 
onto gal, close plates lacking histidme. ui icil. .'lid tisplopli.m and eonlaiiiine 
S lMomo-4 ehloio-Vindnl^l-li-o-galacloside (X-(ial) (2). The M> mutants 
(cloned as l.c\A fusion Relics) thai induced [l-gu'.aclosidasc onh in tlic presence 
o! yalaelo.c in conjunction with MM-l or MM-l (cloned as tusion genes with a 
tiansenptional activation domain) were considered to retain the ability to micr 
,,et witli MM 1 or Ml 3 

Lneali/atiun of expressed proteins hv indirect immunnflimresceiKe assa>. 
Hel.a eel:, were grown on glass covcrshps to <<l -o Ss f , contluenc) and trans- 
lected wi'h the di lie rent constructs (desenbed above) by using Lipotectm ac- 
cording to the niaiiuiacturcr's recommendations (CdlICO HKI.l Tucntel.ni: 
horns jltu transtection. the ceils were fixed ai.d pel meabili/cd lor Is mm m 
acelone-melhanol (1.1) at ~2!l ('. "I he cells *eu then treated wnh pnluloiial ot 
moi.oeionai antibodicx. IVirilicd . i 1 an- bod\ IM'H'^ ( unpul^hshed d.Hal 

m polyclonal labbit anti-.\-3l iinlibnd\ l^l^i' a-cd hu staining ol the MV The 
w W which is bound in I'lb^. K,v not been mapped Rabbit 
i IU s I» pro!-; i was a kind edt '! IV. ■ .- ! 



cpii-.pc- 



anti ' 



id\ b's'i against Hie mea 



. Moiuieal. Can, -da) A!ki 



I i ! ii. Uis { Mc< uil I M iv < ■ 
LciKwcie waslied and doeiopud witli tluoUsceu 
anti imui-e imntimoglohuliti ( , ot an!i rabbit i n 
[hndamme "I hc sani[iles weic mounted wnh W 
anaK/ed 'w using a 4U - or - oliieclive and a 
s\stelll 



the NP 



: IV th. 



inoglobul n ( - iabeh 
o| 4M-.S.S , ,\ 1 v 1 1 Sell. In 

( i.s\! u.ntneal i 



KKSl LI S 

Hit' amino terminus of the intliKn/;i A \irus NT contains ;i 
binding site lor MM-l and MM-3. In order to study the iiUlm- 
aclinn of the Mtal NP and cellular NIM-1 unci MM-3 proteins, 
the \east tuo-li\hricl svsteni was used (S. II ). I he M' and Us 
dele'ttoo. mutants uere expressed in >east as I evVM' fusion 
proteins. The piasmids expressing the MM- 1 or MM-3 fusion 
proteins with the transcriptional act.cition domain had been 
obtained prewousU (20. 21). Plasmidk containing the M' tu- 



H 



sion '-'er.e and the MM-l or MM-3 fusion gene were cotrans- 
tceled into yeast cells together with a reporter plasmid express- 
ing (VualacMostdase. Transfnrmants were then transferred to 
X-(iaf plates to allow easy screening tor interactions between 
the NP mutants and either NIM-1 or MM-3. liarher results had 
simuested that a sequence associated with nuclear accumula- 
tion of the inlluen/a A virus NP in Xcnupus oocytes was lo- 
cated between amino acids 327 and 345 (5). Thus, we first 
made deletions in this region. I lowever. binding activity of the 
resulting deletion mutants to either NIM-1 or MM-3 was not 
all'cclccTin the yeast two-fusion protein assay (constructs A and 
r \o. la]). When we made deletions of the Mterminal 93 or 
,■ : amino acids in constructs (' and \\. respectively, interaction 
with either of the MM proteins was completely eliminated. 
(onverseK. constructs I) and I\ which contained onl> the 
Vierminal 93 and 73 ammo acids, respectively bound to both 
MM proteins. 

In order to examine the cellular localization of the mutant 
NP proteins, several constructs were cloned into an expression 
plasmid behind a c\ lomcga!o\ n us (CMV) promoter. Transfee- 
hon of these plasmkls into 1 leba cells was monitored 24 h later 
In snduoel immunotUnMescenee (Pig. lb). Mutants A and Ii. 
vhteh lack the putalKc nuclear accumulation signal (5). local- 
ized to the nucleus, whereas construct P.. which had an N- 
terminal deletion of 73 amino acids, was clearls cytoplasmic. 
These results suggested a correlation between MM binding 
domains and an actiuU tor nuclear localization in mammalian 
cells. 

Amino acids 1 to 20 ol the NP contain a hindin^ site lor 
MM-l and NPI-3 and NLS activity Thc following experiments 
wete done to lurthei delme the N-ICi niinal domain conla:nmg 
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\ P protein in llcl a cells. The iusiou lchcs ^etc cloned irlo PUT (provided 
h/konaid llartM. tunned into UeU cell, and c M hc ed as NP-P tusum 
nril ,,i n , The localization of the fusion proteins wus analyed In indued imniu- 
nMllumcsLcnc,- a^av 24 h postelection, umii. ann-m^r les .irus P prntcin 
antibodv PV1 (kindlv prodded b> Dulius J. P. . dM. C onstructs \ to U I ^ l:t 
and \M conuin NP-spccTK ammo acids as indicated. Construe M and N 
contain NP-spcuhc amino acids 2>5 to 3h? and 30f> to 3(>3. uhich include tne 
s uuenecs prcMousK thought to possess M.S activity (5). Constructs k. M. and 
\ ice phou^.aphed u ah the - objective The remamin • photographs ucrc 
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the MM-1 MM- ; hindtnt: she. Yarboxy-ici miuai deletions were 
made in the hoi 73 ammo -Kids, and fusions were constructed 
in vector pF< >2n2. I visions containing as tew as 20 amino acids 
of the NP N tennmm. bind in both MM-i and MM -3 when the 
yeast twodivbnd swtcm i< used (Nil. 2a). In order to test it 
these sequel*, . function a . NLS nu>tib these N-termmal se- 
. M.r.j. wc--.; , vpn sscd as lusion proteins hv usine a reporter 
.icin usuall-. tound in the cvtopiasm. Use of" a reporter was 
nceessajv Ikc-usc the - null N-ter:mna l NP ira-ments could 
not lie \"isiMh.-ed with the ..vaiiahie M'-pecitiC antiscra. l u- 
sion construe uese mad, with the measles virus V protein, 
which local i e- to the evtoplasm (12). l usion construcls con- 
tain! im the 7 ; '-A r 3 42. 3 A and 2<t N leinima! ami no acids 
the NP teloe.tn. th.e repooer protein into the nucleus (con- 
structs L d, II. .1. k. and I., respeetively [('il:. 2h|). ( ontjol 
constructs vdikh e\pre >s M'-speeifie amino acids 255 to 3fo 
;md M )() to 3^A , M the ennt-. w of the images \irus I' protein are 
" and on'v ii. the LAlopla ctMitirmmu the absence ot a Hil- 
ar aeeumukiion signal m the^e sequences. 

. , , v i i i. ... i;,,,, , it., a' ill,. VP Timrhnns 



-a.Y M veveak no clea; 
\| S ot tile simian \ii us -'i laiiie 1 
i ot' 3 Kimc ammo aad - ( I'KKKIv 1 K\ ). 
nuclei iplasmm has two Ixe-ic clu^tci ^ 



as an M A motti. ( ompai i 

i it the NT and the >cqucm 

sequeil'-e identitv . 1 lie > 

antigen contains a ■ t: etch 

and the hipailite M A o 

ot amaio aeid^ ■cparatcci hv !'J non,!\e-!e .w m" a^ai- 

( KKW.WXXXWXKKKK) ((.). Since the lust 20 amino ac 

ids ot the M J coi'.tam 3 basic ammo acids sepaiatcd hy 10 

, . . ■ i. m:;,, « .> .I.^-wI/mI to 1'nrt h.t-r apalv/e 

nonmisie aiinlm auu> \i ii.- -■/■ LJ '" L|1 '"' 1 ,L ;" ;- 

the sequences responsible for MM binding and NLS activity. 

l ine mapping of the NPI-1 NPI-3 binding site. In order to 
ideiUdv the specific amino acids imohed in binding to NPI-1 
and MM -3, we performed a mutational analysis including ala- 
nine scanning mutagenesis, followed by assaying of the mu- 
tants m the veast iwo-hvbrid system. Figure 3 lists 24 mutants 
which were analyzed. The results suggest slight differences in 
the bmclimi site Rcognked by NPI-1 and MM-3. First, it ap- 
pears that "the five ammo acids at the N terminus (or at least 
amino acids two to live) are not required for binding Ui NPI-3. 
This conclusion is based on the binding characteristics ot mu- 
tants A3. A4. A A 05. and D5A19. Second, mutant Alt) is 
recognized bv NPI-3 and not by NPI-1 . again suggesting a 

" - "., ' J ! , . . a.. t . ; r .,,, ..a ,-;-|itl!tVl (! 

Oqtercncc m tne mmJaig jmu^ih. lnv.^ i..i... 

bauhne motifs ot SxGTKRS Y\\M and I KKSv.xvAi for MM-i 
and NPI-3. respeaively. 

In addition, the number of amino acids between the serine 
and methionine is important for NPI-3 binding to the NP 
Mutant Da is recognized by NPI-3. but D5D10 is not Sir'" 



mutation of Y10 to Alanine does not disrupt the NPI-3 binding 
site (mutant A10), but deletion of this residue does ablate 
binchmi. we conclude that a three-amino-acid spacer between 
the serine and methionine is necessary for ieeognition ol this 
NLS bv NPI-3. 

Several mutants were also cloned as fusion genes (with the 
measles \irus P gene) into the CMV-driven expression plas- 
mids. Thev were then transfeeted into ileLa cells and analyzed 
for cellular localization bv indirect imiminofluorescenee (Fig. 
4) Mutants A7. AS, D5A7, 1)5 AS. and 1)51)! Y whieh h we lost 
thc ;ih[!itv lo bin ! either NPI-1 or NPI-3. localize to the cyto- 
plasm. However, mutants D5APJ and 1)5, which retain NPI-3 
binding, activity, are clearlv nuclear in this assay These results 
suuiiest a good correlation between MM binding and NLS 
activity. It "also appears that the binding site for NPI-1 and 
NPL3 is contained within the first 13 amino acids at the N 
terminus. Finalk, the data suggest a redundancy of two slightly 
different NLS signals mediated by binding either to NPI-1 or to 
NPI-3. 

Presence of an NLS whose activity is not mediated by bind- 
ing to NPI-1 or NPI-3. In order to confirm the localization of 
the NPI-l'NPI-3 binding site in the full-length NP molecule, 
the fust 12 amino acids were deleted (construct D12 [f ig. 5a]). 
As expected, thi, mutant did not bind NPI-1 or NPI-3 in the 



<a iwodwbrid s\stem. However. 



this constt uet— when in- 
serted into tiie CMV-dnven expression plasrmJ and trans- 
feeted into Mel a cells— unexpectedly localized mostly to the 
nucleus (lag. 5b) This phenomenon was further investigated 
b\ examining a construct that lacked amino acids 1 to 12 and 
v sS to 340. Although this mutant lacked the MM binding site 
t h c putative NLS previously described (5). it again was 
found predominantly in'the nucleus. We then made an attempt 
to further define the domain which is associated with this NLS 
aclivitv. Construct O contained the 1)5 A7 mutation at the N 
terminus and was truncated at ammo acid position 254 (so that 
,t also lacked an MM binding site). This construct localized in 
the ectoplasm when expressed as a fusion protein (containing 
the measles virus P protein ) ( Fig. 5b). We then discovered that 
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constructs O and E (neither of which alone carries an NLS) 
allowed localization to the nucleus when cotranstected 1 his 
result suggests that the NLS activity associated with the D12 
mutant is mediated by noncontiguous regions in the Nl mol- 
ecule and that NP deletions O and E can interact in trans, 
thereby reconstituting a conformational NLS. 

DISCUSSION 

Nuclear protein import is accomplished by two sequential 
events- docking at and translocation through the nuclear mem- 
brane (9 10, 16-19, 22). Through the use of the yeast two- 
hvbrid system, with the NP as "bait," we identified two pro- 
teins NPI-1 and NPI-3 (docking proteins), which were shown 
to be involved in the nuclear import of the influenza virus Nl 
™,i „f wir-,,1 PNA '20. 21). The present study was done m ordei 
to Identify the NPI binding site on the NP and to study its 
biolouicaf activity. We assayed the interaction of the NP with 
NPI 1 and NPI-3 in the veast two-hvbnd system by using M 
deletion mutants and found the NPI binding site localized to 
the amino terminus (Fig. I). Furthermore, the amino terminus 
of the NP showed NLS activity, since it could confer nucleai 
localization on a protein (the measles virus P protein! which 
normally localizes to the cytoplasm (F'ig. 2). 

In contrast, earlier studies (5) had suggested that nuclear 
accumulation of the NP was dependent not on the N terminus 
but rather on amino acids 327 to 345 of the protein. The 
proposed nucleophil.c signal ( AAFEDLRVLS) was found to 
be important for the nuclear accumulation of the NP as well as 
of NP-idobin fusion proteins in Xawpus oocytes. However, we 
found that expression of NP mutants A and B. lacking ammo 
acids 2^5 to 356 and 255 to 340, respectively, showed nuclear 
localization (Fi«. lb). Furthermore, two fusion proteins con- 
taining amino acids 255 to 363 and 306 to 363 (both encom- 
passing the putative NLS) of the viral NP were cytoplasmic m 
HeLa cells (Fig. 2b). These findings suggest that the earhet 
data concerning the nucleophilic signal of the NP (located 



between amino acids 327 and 345) were most likely an artifact 
of the Xcnopus system and could not be verified in mammalian 
cells (at least not in HeLa cells). 

A more refined analysis of the NPI binding site suggested 
that the N-terminal 13 residues of the NP contain the neces- 
sary amino acids involved in binding of NPI-1 and NI I-3. 
Alanine scanning identified the motif TKRSx.xxM as sufficient 
for NPI-3 binding as well as for NLS activity. Mutants which 
have lost the ability to bind NPI-1 (but retain NPI-3 binding 
activity) are able to direct a fusion protein to the nucleus and 
'thus appear to retain NLS activity by virtue of their interaction 
with NPI-3 (mutants D5 and D5A19 [Fig. 4J). In a fractionated 
nuclear import assay either NPI-1 or NPI-3 was able to direct 
free NP and NP in the form of an RNP complex to the nucleus 
CI) Thus there is a redundant mechanism in terms of the 
NLS located at the N terminus. Binding of the NP to either 
x-„, i „„ ... x;pi i fwilit:itr dockins to the nuclear racm- 
brane and subsequent translocation through the membrane. 

Nothin" is known about the differential expression of the 
dockine proteins in various cell types, and thus it ,s not possible 
to identify the NPI(s) involved in natural influenza virus infec- 
tions It should be noted, however, that there appear to be 
additional members of the NPI-1-NP1-3 protein family. I here 
are more than 50 human expressed sequence tags in t,ic cata- 
lyse at the National Center for Biotechnology Information. 
Sequence alignments of some of these expressed sequence tags 
with the region spanning nucleotides ,S00 to 1 00 of N - 
demonstrate that there are at least four different human Nl 1-1 
protein familv members (including NPI-1 and NPI-31 I he 
sequence of a partial clone homologous to MM- and Nl 1-3 
was published bv Adams et al. ( I ). It is thus possible that there 
is a hi"h des-rce of redundancy (as well as specificity) or the 
nudca* import of Nl.S-contammg proteins and that the nu- 
clear localization of proteins max be mediated In the presence 

of different NPI proteins in the cell. 

N!S mo'ifs SxGTKRSYxxM and I KRSxx.xM. whicn 
were defined by the interaction with NPI-1 and NPI-3. respec- 
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oca ! i / a 1 1 in <>| fusion proteins u.is aiulwcd hv indirect immunoiiuorc'-ccnce 
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live!'.', do iiOi IV SC i"ilh!c MlOsC identified Ml tfiC SI ill tail situs 40 T 

antigen and nuclcoplasinin (f>). !n addition m these t\s t > clas- 
sical NI.S sequences, nonconvent ional NPS motifs have been 
described (24-2b). None of these appear to he similar or iden- 
lical lo those identified in the inlluen/a virus NT. 

RNA binding domains of the NT have been mapped to 
amino acids 1 to 77, 7 { i to IKK, and 91 to IKK ( la, 14). However, 
at this lime RNA binding domains have not been fine mapped 
on the NP. so we do not know whether the NPI binding sites 
overlap the RNA binding domain. Import of the \! r a! RNA 
most likely invokes a piggyback mechanism by which the RNA 
is bound to v iral NP that gets transported into the nucleus (21). 

I 'nexpcctcdlv. we also "identified an NI.S activity which .Joes 
poi appear to be mediated by binding to either NPI - 1 or NPI -3 
(cotisii nets 1)12 and DI2A |Iilp ,^b]). I his NI S actiutv is most 
hkcb the result of a discontinuous amino acid sequence on the 
NP. smcc eoiraiisfecHoii of two fragments (constructs ( ) and P. 
| Pig. .^b|) results in nuclear localization measured hv immuno- 
fluorescence. The signals have not been further investigated, 
and the mechanism b\ winch this nuclear transport is effected 
is not known. Since each fragment alone has a cytoplasmic 
localization, the two fragments may interact directly or indi- 
rectly and thereby reconstitute a biologically active NPS In- 
deed, data from the twodivbnd assay indicate that full-length 
NP can interact with itself (data not shown). In anv case, this 
NPS activity does not appear to involve binding to NPP1 or 
NPI-3 (as measured in the )cast two-hvbiid sWcm). 'Phis sig- 
nal iii.i;, be weaker than that associated with the N terminus, 
smcc the constructs containing the bipartite NPS show partial 
cytoplasmic localization (mutant 1)12 (Pig. Si']). However we 



cannot be certain about the relative strengths of these NPS 
activities, since we lack a quantitative in vivo assav. 'Phis bipar- 
tite NI.S may also represent an NI.S which is assembled from 
adjacent NTs in RNP complexes rather than a signal assembled 
from domains normally contained w ithin a single NP molecule. 
Pinaily, based on the analvsis of the amino acid sequence of 
NP, the above-described NPS activity does not appear to be 
mediated by classical NPS sequences. 

In summary, the present data characterize the NPI biiulme 
site on the influenza A virus NP. The N-terminal 13 amino 
acids contain a mod! which is associated with bindmu Lo NPI- 1 
and NPI-3. In addition, this sequence possesses an NPS achv- 
hv. as ccn be demonstrated b\ the nuclear localization ni 
fusion proteins which contain this short motif. The N-terminal 
13 ammo acids of influenza A virus NTs are hiizhlv conserved. 
( )f the 5n avian and mammalian NP sequences available in the 
data bank, 54 are identical to the sequence of the A PR K 34 
virus NP. The specific NPI binding motifs identified in the 
influenza A virus NP appear not to be present in influenza H 
and C virus NTs. It will be important to examine whether the 
NTs of these vir uses also bind to NPI- 1 and NPI-3 and whether 
these binding sites have NI.S activities 
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